Recent studies have indicated that exogenously administered neurotrophins produce antidepressant-like behavioral effects. We have here investigated the role of endogenous brain-derived neurotrophic factor (BDNF) and its receptor trkB in the mechanism of action of antidepressant drugs. We found that trkB.T1-overexpressing transgenic mice, which show reduced trkB activation in brain, as well as heterozygous BDNF null (BDNF ϩ/ Ϫ ) mice, were resistant to the effects of antidepressants in the forced swim test, indicating that normal trkB signaling is required for the behavioral effects typically produced by antidepressants. In contrast, neurotrophin-3 ϩ/ Ϫ mice showed a normal behavioral response to antidepressants. Furthermore, acute as well as chronic antidepressant treatment induced autophosphorylation and activation of trkB in cerebral cortex, particularly in the prefrontal and anterior cingulate cortex and hippocampus. Tyrosines in the trkB autophosphorylation site were phosphorylated in response to antidepressants, but phosphorylation of the shc binding site was not observed. Nevertheless, phosphorylation of cAMP response element-binding protein was increased by antidepressants in the prefrontal cortex concomitantly with trkB phosphorylation and this response was reduced in trkB.T1-overexpressing mice. Our data suggest that antidepressants acutely increase trkB signaling in a BDNF-dependent manner in cerebral cortex and that this signaling is required for the behavioral effects typical of antidepressant drugs. Neurotrophin signaling increased by antidepressants may induce formation and stabilization of synaptic connectivity, which gradually leads to the clinical antidepressive effects and mood recovery.
Introduction
Antidepressant drugs facilitate signaling of serotonin or norepinephrine either by inhibiting their reuptake to presynaptic terminals or by inhibiting their catabolism or binding to serotonin autoreceptors (for review, see Duman et al., 1997; Skolnick, 1999; Manji et al., 2001; Nestler et al., 2002) . However, alterations in monoamine metabolism take place soon after drug administration, but the clinical antidepressant effect develops slowly during several weeks of continuous treatment (Nestler et al., 2002) . Electroconvulsive shock therapy, the most effective antidepressant therapy known, also requires repeated administration before the patient recovers (Duman and Vaidya, 1998) . These observations suggest that alterations in monoamine metabolism alone cannot explain the entire antidepressant effect (Nestler et al., 2002) and indicate that antidepressants may act by evoking adaptive changes in intracellular signal transduction and synaptic connectivity (Duman et al., 1997; Altar, 1999; Skolnick, 1999; Manji et al., 2001; Reid and Stewart, 2001; Nestler et al., 2002) .
Neurotrophins, and particularly brain-derived neurotrophic factor (BDNF), have been shown to function as a key regulator of neurite outgrowth, synaptic plasticity, and the selection of functional neuronal connections in the CNS (Katz and Shatz, 1996; McAllister et al., 1999; Mamounas et al., 2000; Huang and Reichardt, 2001; Poo, 2001) , which makes neurotrophins potential mediators of the plastic changes induced by antidepressants (Duman et al., 1997; Altar, 1999; Manji et al., 2001; Nestler et al., 2002) . Indeed, electroconvulsive shock treatment rapidly and robustly increases mRNA levels of BDNF and its receptor trkB in hippocampus and cortex, and chronic (but not acute) treatment with antidepressants increases BDNF mRNA in the hippocampus (Nibuya et al., 1995; Russo-Neustadt et al., 2000) . Furthermore, infusion of exogenous BDNF into hippocampus or brain stem has antidepressant-like behavioral effects (Siuciak et al., 1997; Shirayama et al., 2002) , and BDNF administration increases serotonergic innervation (Mamounas et al., 2000) as well as the levels of serotonin and its metabolites in forebrain (Siuciak et al., 1994 (Siuciak et al., , 1996 . Moreover, the reduction in BDNF expression induced by stress (Smith et al., 1995) and behavioral abnormalities found in heterozygous BDNF knock-out (BDNF ϩ/ Ϫ ) mice have been reported to be counteracted by antidepressants (Smith et al., 1995; Lyons et al., 1999) . These data lead to the suggestion that depression may actually represent an impairment of neuronal plasticity, which could be reversed by increasing the levels of neurotrophic factors, such as BDNF (Duman et al., 1997; Altar, 1999; Skolnick, 1999; Manji et al., 2001; Nestler et al., 2002) . However, direct evidence for the role of endogenous BDNF in the mechanism of antidepressant drug action is lacking.
We have here addressed the question of the role of endogenous BDNF signaling in antidepressant action. By investigating transgenic mice with reduced BDNF levels or reduced trkB signaling in brain, we provide evidence that trkB activation is required for a behavioral response typically induced by antidepressants. Furthermore, acute as well as chronic antidepressant treatment induces phosphorylation and activation of trkB in cortex in a BDNF-dependent manner.
Materials and Methods
Male mice of between 3 and 6 months of age were used in all experiments, except in the forced swim test for BDNF ϩ/ Ϫ mice, in which all of the transgenic and corresponding wild-type mice were females. TrkB.T1 cDNA was tagged N-terminally with an eight amino acid FLAG epitope and inserted into a murine Thy 1.2 expression cassette, which directs transgene expression to postnatal neurons, as described previously (Saarelainen et al., 2000b) . Transgenic mice were generated by pronucleus injection of this construct into embryos from CD2F1 (BALB/c x DBA/2) females mated with CD2F1 males. Transgenic founder mice were identified using Southern blot analysis and PCR. Heterozygous mice and their wild-type littermates were used in all of these experiments. In situ hybridization was performed according to Wisden and Morris (1994) , with an oligonucleotide probe (GGCACT-TGTCATCGTCGTCTTTGTAGTCGGCA) that specifically recognizes the FLAG-epitope sequence. Production of BDNF ϩ/ Ϫ and neurotrophin-3 (NT-3) ϩ/ Ϫ mice has been described previously (Ernfors et al., 1994a,b) ; the genetic background of both strains and their wild-type littermates was 129Sv x BALB/c. Litters of mice were selected at the animal house such that they contained approximately the same number of transgenic and wild-type mice. Litters were then randomly assigned to various treatment groups, and the person performing the tests was always blind to the genotype. The production of transgenic mice and all of the animal experiments were done in accordance to the guidelines of The Society for Neuroscience and were accepted by the experimental animal ethics committee of the University of Kuopio.
For the analysis of behavioral effects of antidepressant drugs, we used the forced swim test, which has a high predictive value for antidepressant activity that is applicable to mice (Porsolt et al., 1977; Cryan et al., 2002) . Adult male transgenic mice and wild-type littermates were allowed to adapt to the test room for several days and then randomly submitted to a forced swim test without a pre-swim. Saline, imipramine (30 mg/kg; Sigma, St. Louis, MO), or fluoxetine (20 mg/kg; Orion Pharma, Turku, Finland) was injected intraperitoneally, and after 30 min the mice were placed in a clear glass cylinder with a diameter of 16 cm, half-filled with clear water at 24°C (water depth of 14 cm did not allow the mice to reach the bottom of the cylinder; water was changed after each mouse) for a total of 6 min, and immobility was recorded live during the last 4 min by an investigator blind to the genotype and treatment.
Tyrosine phosphorylation was assayed in cortical samples of male mice that were rapidly dissected at indicated times after saline or antidepressant injection. Tissue lysis, protein precipitation with wheat germ agglutinin (WGA) or pan-trk antibody, and the following Western blot analysis from these samples were performed according to previously described methods (Aloyz et al., 1999) with slight modifications. Briefly, tissue samples were lysed in buffer containing 137 mM NaCl, 20 mM Tris, pH 8.0, 1% NP-40, 10% glycerol, 50 mM sodium fluoride, 2ϫ Complete Mini (Roche Diagnostics, Hertforshire, UK), and 2 mM sodium vanadate. After homogenization, tissues were incubated at ϩ4°C for 20 min and centrifuged at 13,000 rpm for 15 min. TrkB was precipitated using either 50 l of WGA (Amersham Biosciences, Arlington Heights, IL) or 10 l of anti-trk antibody (sc-11; Santa Cruz Biotechnology, Santa Cruz, CA) and collected with protein-A Sepharose (Amersham Biosciences). Electrophoresis was performed with 7.5% SDS-polyacrylamide gels. Anti-phosphotyrosine (4G10; Upstate Biochemicals, Waltham, MA; dilution 1:10,000), anti-phospho-trk pY490 (New England Biolabs, Beverly, MA), pY674/675 (New England Biolabs), and anti-trkB out (generously provided by Dr. David Kaplan, McGill University, Montreal, Canada; dilution 1:5000) antibodies were used to detect phosphorylated and total trkB, respectively. Western blots were scanned and quantitated with image analysis. Data are presented as mean percentages of the ratio of phosphorylated trk (4G10, pY674/675, pY490) to full-length trkB (anti-trkB out ) signal intensity levels found in saline-treated animals.
For phospho-cAMP response element-binding protein (CREB) immunostaining, mice were injected intraperitoneally with saline, fluoxetine (20 mg/kg), or imipramine (30 mg/kg), deeply anesthetized by pentobarbital 30 min after the injection, and perfused with 4% paraformaldehyde. Floating sections were stained with anti-phospho-CREBspecific antibody (New England Biolabs) and developed with diaminobenzidine. Phospho-Ser131-antibody recognizes not only CREB but also phosphorylated forms of other CREB family members; therefore, the increased staining observed after antidepressant treatments may also indicate changes in the phosphorylation status of other family members as well. Stained cells in the anterior cingulate-prefrontal cortex were counted using an unbiased stereological method (StereoInvestigator, MicroBrightField Inc., Colchester, VA).
All of the data are presented as means Ϯ SEM. Student's t test and one-way ANOVA together with Bonferroni as a post hoc test were used for statistical analysis.
Results

Behavioral response to antidepressants requires normal trkB signaling
Although there is evidence that chronic antidepressant treatment increases BDNF mRNA in hippocampus (Nibuya et al., 1995; Russo-Neustadt et al., 2000) and infusion of BDNF into hippocampus or midbrain area produces behavioral effects that resemble those produced by antidepressant drugs (Siuciak et al., 1997; Shirayama et al., 2002) , the role of endogenous BDNF and trkB activation in the behavioral responses to antidepressant drugs remains unclear. We have investigated this question by submitting trkB.T1 transgenic mice to a forced swim test, which is widely used for screening of potential antidepressant drugs and has a high predictive value for antidepressant activity (Porsolt et al., 1977; Cryan et al., 2002) . These mice overexpress the dominant-negative trkB.T1 isoform in neurons in hippocampus and cortex, including anterior cingulate and prefrontal cortices, and show reduced trkB signaling in brain (Saarelainen et al., 2000b) (Fig. 1 ). When we previously tested these mice in the Morris water maze, there were no differences in the swimming speed between wild-type and transgenic littermates, although the long-term memory of transgenic mice was impaired (Saarelainen et al., 2000a) . These data suggest that any differences in the behavior of these mice in the forced swim test are not simply a reflection of altered swimming performance. Consistent with this, no differences were observed in the immobility time between transgenic and wild-type littermates injected with saline 30 min before the 6 min forced swim test (Fig. 2) ( p ϭ 0.28; MannWhitney test). In the forced swim assay, mice respond to antidepressants by reducing their immobility time (Porsolt et al., 1977) . Indeed, both imipramine and fluoxetine, two widely used anti-depressants, significantly reduced immobility in wild-type mice ( Fig. 2) (ANOVA: F ϭ 8.52; p ϭ 0.002). In contrast, neither imipramine nor fluoxetine had any significant effect on the immobility time of the trkB.T1 transgenic mice (Fig. 2) (ANOVA: F ϭ 0.098; p ϭ 0.91), indicating that inhibition of trkB signaling rendered transgenic mice insensitive to the behavioral effects of antidepressant drugs. The response to both antidepressants was significantly reduced in transgenic mice when compared with wild-type littermates (imipramine, p ϭ 0.012; fluoxetine, p ϭ 0.004; Bonferroni's test)
Because BDNF signaling influences serotonergic innervation to cortex (Mamounas et al., 2000; Poo, 2001) , we examined the tissue contents of 5-HT and 5-hydroxyindoleacetic acid (5-HIAA) from two cortical areas from transgenic and wild-type mice by using HPLC to investigate whether the characteristic neurochemical changes in monoamine metabolism after antidepressant drug administration (Fuller and Wong, 1977 ) also occur in the brains of transgenic mice (Table 1) . Basal concentrations of 5-HT were similar in transgenic and wild-type mice in both anterior cingulate and prefrontal cortex. Basal levels of 5-HIAA were similar in anterior cingulate cortex between the different genotypes, but 5-HIAA was reduced in the prefrontal cortex in trkB.T1 transgenic mice, which is consistent with the observation that BDNF increases brain 5-HIAA levels (Siuciak et al., 1994 (Siuciak et al., , 1996 . Most importantly, treatment with a selective serotonin reuptake inhibitor, fluoxetine, caused a significant increase in serotonin concentrations in the prefrontal and cingulate cortices in both genotypes, demonstrating that the serotonin uptake system was functional and similarly affected by acute administration of fluoxetine in the brains of both wild-type and transgenic mice. The integrity of serotonergic innervation to cortex was further investigated by immunostaining with antibodies against serotonin or serotonin transporter. These stainings revealed no obvious gross differences in cortical serotonin innervation between the trkB.T1 transgenic and wildtype mice (Dr. Laura Mamounas, National Institute of Neurological Disorders and Stroke, Bethesda, MD, personal communication).
TrkB can be activated by both BDNF and NT-3 (Soppet et al., 1991; Squinto et al., 1991) . To investigate which of the trkB ligands is involved in the antidepressant-induced behavioral ef- fects, we submitted mice deficient of BDNF or NT-3 to a forced swim test. Because BDNF Ϫ / Ϫ and NT-3 Ϫ / Ϫ mice die early during postnatal development (Ernfors et al., 1994a,b) , we used heterozygous mice, which produce approximately half of the corresponding neurotrophin in their brain. The swimming behavior of saline-injected BDNF ϩ/ Ϫ and NT-3 ϩ/ Ϫ mice was indistinguishable from the corresponding saline-treated wild-type mice (Fig.  3) . When the mice were treated with imipramine (30 mg/kg; 30 min before the test), the swimming immobility of wild-type as well as NT-3 ϩ/ Ϫ mice was significantly reduced when compared with the corresponding saline-treated mice of the same strain ( Fig. 3) ( p Ͻ 0.01; one-way ANOVA and Bonferroni's post hoc test). In contrast, the swimming immobility of imipraminetreated BDNF ϩ/ Ϫ mice was not significantly different from the saline-treated (wild-type or BDNF ϩ/ Ϫ ) mice (Fig. 3) . Indeed, the swimming behavior of BDNF ϩ/ Ϫ mice was similar to that of trkB.T1-overexpressing mice, which suggests that BDNFmediated trkB activation is required for normal behavioral response to antidepressants in the forced swim test.
Antidepressant treatment induces trkB autophosphorylation
If the behavioral response to antidepressants in the forced swim test requires intact trkB signaling in brain, as our results suggest, then activation of endogenous trkB signaling would be expected to take place within 30 min after antidepressant administration. Previous studies have shown that chronic, but not acute, antidepressant administration increases BDNF mRNA levels in hippocampus and cortex (Nibuya et al., 1995; Russo-Neustadt et al., 2000) , but electroconvulsive shock therapy, the most effective antidepressant treatment, increases BDNF mRNA also acutely (Nibuya et al., 1995) . We have used phosphorylation of trkB as an assay to investigate activation of neurotrophin signaling in brain. Autophosphorylation of trk receptors is the initial step in the intracellular signal transduction activated by neurotrophins (Kaplan and Miller, 2000) , and it has been previously validated as an assay for local neurotrophin release (Aloyz et al., 1999) .
Western blots of WGA-precipitated cortical extracts probed with phosphotyrosine (pTyr)-specific 4G10 antibody revealed that imipramine and fluoxetine significantly increased phosphorylation of a protein that migrated at 145 kDa, exactly at the same level as trk receptors (as assayed using trkB-specific antibody) at 30 min after the injection (1.8-and 1.4-fold for imipramine and fluoxetine, respectively), compared with saline-treated animals (Fig. 4a) ; however, total trkB protein levels were not influenced by antidepressants (Fig. 4a) , suggesting the possibility that these drugs increase trkB phosphorylation but not trkB protein synthesis.
To verify that the phosphorylated 145 kDa protein represents trk receptors, we immunoprecipitated cortical lysates from imipramine-treated mice with a trk receptor-specific antibody. Probing the blot with pTyr antibody revealed that imipramine ϩ/ Ϫ mice and wild-type littermates were injected with saline or imipramine (30 mg/kg; n ϭ 8 and 9 for saline and imipramine, respectively, for both genotypes) and subjected to a forced swim test (6 min, immobility recorded during the last 4 min) 30 min after the injection. Male NT-3 ϩ/ Ϫ mice and wild-type littermates were treated identically (n ϭ 9 and 10 for saline and imipramine, respectively, for both genotypes). Means Ϯ SEM; *p Ͻ 0.01; one-way ANOVA and Bonferroni's post hoc test. indeed had induced tyrosine phosphorylation of the trk receptor ( Fig. 4b ) but had no effect on total trkB protein levels. Because trkB is the predominant trk species in cortex (Aloyz et al., 1999) and the antidepressant-induced trk activation was inhibited by a dominant-negative trkB isoform (see Fig. 9 ), which inhibits the activation of trkB but not trkA and trkC (Haapasalo et al., 2001) , the phosphorylated trk species is most probably trkB. Furthermore, the abnormal forced swim response in BDNF ϩ/ Ϫ but not in NT-3 ϩ/ Ϫ mice also suggests that trkB is the predominant trk species in response to antidepressants. However, because BDNF also binds to trkC receptors, albeit at a lower affinity than to trkB, these data do not rule out the possibility that trkC is also phosphorylated in response to antidepressants. Blots immunoprecipitated with trk antibody and probed with pTyr antibody revealed two additional bands that were coimmunoprecipitated with trkB and phosphorylated in response to imipramine (Fig. 4b) . The identity of these proteins is currently unclear, but they may represent intracellular signaling proteins interacting with trkB and phosphorylated in response to trkB activation.
TrkB can be phosphorylated to several intracellular tyrosine residues, and the phosphorylation of particular tyrosines leads to activation of specific signaling pathways. Double tyrosine residues 706/707 (analogous to tyrosines 694/695 in trkA) are situated at the autophosphorylation site, which is required for the activation of trkB. Tyrosine 515 (analogous to Y490 in trkA) is the docking site of the shc adaptor protein, which leads to the activation of the extracellular signal-regulated kinase/mitogenactivated protein kinase pathway (Kaplan and Miller, 2000; Huang and Reichardt, 2001 ). We used trk phosphotyrosinespecific antibodies to investigate which of the tyrosines are phosphorylated in response to antidepressant treatment. pY694/695 antibody, which recognizes the tyrosine residues 706/707 at the autophosphorylation site, demonstrated a robust increase in phosphorylation in prefrontal cortex 30 min after imipramine treatment (178 Ϯ 23% of control; p Ͻ 0.01) (Fig. 5) . In contrast, pY490 antibody, which recognizes the phosphorylated tyrosine 515 at the shc binding site, failed to show increased phosphorylation in response to antidepressants in prefrontal cortex or hippocampus (108 Ϯ 9% of control; p ϭ 0.53) (Fig. 5) , although this antibody detected a robust increase in trk phosphorylation in cultured hippocampal neurons exposed to BDNF (data not shown). These data suggest that antidepressants induce a tyrosine-specific phosphorylation of trkB and indicate that pathways downstream of the pY515 may not be involved in antidepressant-induced trkB signaling.
We also investigated the effect of antidepressants on total brain BDNF protein levels by BDNF enzyme immunoassay (Nawa et al., 1995) . Imipramine did not significantly change total cortical BDNF protein levels in wild-type mice [6.0 Ϯ 0.3 and 6.2 Ϯ 0.3 ng/g of tissue in imipramine (n ϭ 12) and saline-treated animals (n ϭ 11), respectively], which is consistent with the observation that acute treatment with antidepressants does not change BDNF mRNA levels (Nibuya et al., 1995) . It should be noted, however, that this assay does not measure changes in BDNF release but detects total cortical BDNF levels. Because a recent study showed that intrahippocampal infusion of neurotrophin-3 produced antidepressant-like behavioral effects (Shirayama et al., 2002) , we also investigated the effect of imipramine on cortical neurotrophin-3 protein levels. Also in this case, no significant differences could be observed (94 Ϯ 6.9% of control). These data suggest that if acute antidepressant treatment activates trkB by increasing BDNF release, then the levels of BDNF released, although sufficient to activate trkB signaling, are too low or too local to detectably influence the total pool of cortical BDNF mRNA or protein.
Both acute and chronic antidepressant treatments induce trkB phosphorylation
We next investigated the time course of trkB activation by antidepressants. At 30 min after fluoxetine injection, autophosphorylation of trkB was increased significantly (Fig. 6a) . In contrast, at 6 hr, trkB phosphorylation was reduced significantly below the control level, presumably reflecting desensitization after stimulation (Fig. 6a) . At 24 hr, autophosphorylation was back at the baseline. The relatively short duration of trkB autophosphorylation is consistent with the previous observation that the kainic acid-induced increase in trkB phosphorylation was already reduced back to baseline at 2 hr after injection (Aloyz et al., 1999) .
Because the clinical effects of antidepressants require repeated administration, we investigated whether the induction of trkB phosphorylation persists during chronic treatment. In mice treated with imipramine for 3 weeks, a similar significant increase in trkB autophosphorylation levels was observed 30 min after the last injection as was seen after acute antidepressant administration (Fig. 6b) . At 6 and 24 hr after chronic imipramine treatment, trkB phosphorylation was not significantly increased (116 Ϯ 13% and 119 Ϯ 16% of controls, respectively). However, no desensitization of the trkB phosphorylation was seen at 6 hr after the chronic treatment, as was observed 6 hr after the acute injection. Thus, trkB autophosphorylation is stimulated to a similar degree by both acute and chronic antidepressant treatments.
TrkB activation is most pronounced in prefrontal cortex
It is unclear in which target brain area antidepressant drugs bring about their action, but hippocampus as well as prefrontal and anterior cingulate cortex are often implicated in this context. The brain area that was included in our analysis of trkB phosphorylation status comprised the anterior cingulate cortex as well as the sensory motor cortices in the frontoparietal cortex. To further investigate whether there are brain area-dependent differences in the responsiveness of trkB phosphorylation to antidepressants, we dissected various cortical areas 30 min after the injection from brains of mice treated acutely (30 min) or chronically (21 d) with imipramine. In mice treated acutely with imipramine, a small but consistent increase in trkB phosphorylation was observed in all the cortical areas examined after acute imipramine injection (Fig.  7) . However, the trkB autophosphorylation response to antidepressants was by far the most robust in the anterior cingulateprefrontal cortex area (Fig. 7) . After 21 d of imipramine treatment, however, clearly elevated trkB autophosphorylation could be observed also in the hippocampus in addition to the anterior cingulate-prefrontal cortex, but not in other cortical areas examined (Fig. 7) . This observation is in agreement with the potential role of the anterior cingulate-prefrontal cortex and hippocampus in the pathophysiology of depression (Drevets, 1998) .
Antidepressants induce trkB-dependent phosphorylation of CREB Phosphorylation of CREB has been shown to be increased in brain in response to trkB activation (Shaywitz and Greenberg, 1999) as well as after chronic antidepressant administration (Thome et al., 2000) . We used an antibody recognizing phosphorylated CREB (as well as other phosphorylated members of the CREB/ATF family) to investigate whether trkB activation in response to antidepressant treatment might induce intracellular signal transduction leading to CREB phosphorylation. In salineinjected mice, a variable staining of nuclei was observed in many cortical areas (Fig. 8) . However, in the anterior cingulate and prefrontal cortex, a robust increase in nuclear phospho-CREB staining was observed in five of six mice 30 min after imipramine injection, whereas only few nuclei were stained in this region in six mice injected with saline (1 Ϯ 0.58 and 20.5 Ϯ 6.7 positive cells within the counted area in saline-and imipramine-injected mice, respectively; p Ͻ 0.05). A similar, albeit less pronounced response, was also observed in the prefrontal cortex of mice injected with fluoxetine (1 Ϯ 0.58 and 6.25 Ϯ 1.4 positive cells within the counted area in saline-and fluoxetine-injected mice, respectively; p Ͻ 0.05). Induction of CREB phosphorylation in anterior cingulate cortex by imipramine was clearly weaker in transgenic mice, which overexpress dominant-negative trkB isoform (Fig. 8) , suggesting that antidepressant-induced CREB phosphorylation is at least partially a consequence of increased trkB signaling. Thome et al. (2000) did not observe any significant increase in phospho-CREB levels in hippocampus after acute fluoxetine or desipramine administration; however, they assayed phospho-CREB at 6 hr after injection, at the time when trkB phosphorylation was downregulated (Fig. 6a) . Our data suggest that the signal initiated by trkB autophosphorylation in response to antidepressant drugs is further transmitted and conveyed to nucleus by phosphorylated CREB.
TrkB autophosphorylation correlates with the behavioral response to antidepressants
To be able to correlate the lack of behavioral responsiveness to antidepressants in trkB.T1 transgenic mice with the trkB autophosphorylation status, we investigated trkB phosphorylation status in a group of mice subjected to the forced swim test. Exposure to saline injection and forced swim stress alone did not influence the phosphorylation status of trkB when compared with naive mice gently taken directly from their home cage (98 Ϯ 12% of control for trkB; n ϭ 8), indicating that any observed changes in trkB phosphorylation can be attributed to the antidepressant treatment. Fluoxetine injection followed by a forced swim test reduced immobility time (data not shown) and increased trkB phosphorylation at 30 min in wild-type mice (Fig. 9) , which was similar to that seen in mice not subjected to forced swim. In trkB.T1 transgenic mice, the basal trkB phosphorylation status was significantly lower than in wild-type mice, consistent with the inhibition of trkB activation by the dominant-negative transgene (Fig. 9 ). More importantly, and in contrast to that observed in wild-type mice, fluoxetine injection did not significantly increase trkB phosphorylation levels in transgenic mice (Fig. 9) , which is consistent with the insensitivity of these mice to the behavioral effects of fluoxetine. These data strongly suggest that the trkB activation and signaling observed within 30 min after antidepressant injection is required for the behavioral effects characteristically produced by antidepressants in mice.
Discussion
Previous data show that infusion of BDNF into hippocampus or midbrain area produces behavioral effects similar to those seen after antidepressant treatment (Siuciak et al., 1997; Shirayama et al., 2002) . These data have suggested that BDNF may play a role in the long-term effects of antidepressants, but they have not addressed the role of endogenous BDNF in this context. We have here shown that acute as well as chronic antidepressant administration activates neurotrophin signaling in a BDNF-dependent manner in prefrontal cortex and that this signaling is required for the typical behavioral effects produced by these drugs in experimental animals. Together with previous observations of increased BDNF mRNA levels after chronic antidepressant administration (Nibuya et al., 1995; Russo-Neustadt et al., 2000) , our data strongly suggest that this clinically widely used class of drugs may act at least partially by activating endogenous BDNF signaling. Drugs that locally enhance the production and release of endogenous neurotrophins at their normal site of synthesis would have obvious advantages as neurotrophic therapy when compared with infusion of exogenous BDNF into brain or even with potential small molecular weight mimetics of neurotrophin action, which activate neurotrophin receptors all over the body (Thoenen et al., 1994) . We show here that antidepressant drugs activate release of endogenous BDNF and induce its signal transduction. Activation of neurotrophin signaling with potential long-term effects on various neuronal systems is consistent with the relatively wide therapeutic efficacy of antidepressants in many CNS disorders. In addition to being used to treat depression, antidepressants are used to treat chronic pain, phobia, obsessivecompulsive disorders, bulimia, and premenstrual syndrome, among others (Nestler et al., 2002) . Remarkably, sensory motor activation in stroke patients was recently shown to be improved by a single fluoxetine injection (Pariente et al., 2001) , which is consistent with the important role of endogenous BDNF in stroke (Saarelainen et al., 2000b) . In addition to antidepressants, antagonists of ␣ 2 adrenoreceptors were recently shown to increase BDNF release and trkB activation in cortex (Aloyz et al., 1999) . Furthermore, we have recently shown that memantine, a glutamate receptor antagonist that is used clinically to treat mild dementia (Parsons et al., 1999) , increases BDNF mRNA in cortex and hippocampus (Marvanova et al., 2001) . These data suggest that drugs already in clinical use may act at least partially by locally increasing neurotrophin release.
The mechanism through which antidepressants activate trkB signaling remains unclear. The observation that BDNF ϩ/ Ϫ mice and trkB.T1 mice showed a similar phenotype in the forced swim test suggests that antidepressants might directly or indirectly stimulate BDNF release, which then leads to trkB activation. Antidepressant drugs acutely facilitate signaling of serotonin or norepinephrine by inhibiting their reuptake to presynaptic terminals (tricyclic antidepressants, such as imipramine) or by inhibiting their catabolism (monoamine oxidase inhibitors), or binding to serotonin autoreceptors (for review, see Duman et al., 1997; Charney, 1998; Skolnick, 1999; Manji et al., 2001; Nestler et al., 2002) . BDNF is anterogradely transported to nerve terminals and released in response to nerve stimulation in a manner similar to neuropeptides (Altar and DiStefano, 1998; Aloyz et al., 1999; Balkowiec and Katz, 2000) . Inhibition of presynaptic ␣ 2 -adrenoreceptors on noradrenergic nerve terminals by yohimbine has been shown to increase the release not only of norepinephrine but also of BDNF, and this increased release induces trkB autophosphorylation in cortex (Aloyz et al., 1999) . However, because long-term antidepressant treatment silences rather than activates monoaminergic neuronal firing (Szabo et al., 1999) , it is possible that increased 5-HT and norepinephrine levels may locally induce increased BDNF release. Indeed, exposure of cultured raphe neurons to serotonin increased BDNF release, which in turn enhanced serotonergic differentiation of the neurons (Galter and Unsicker, 2000) . Taken together, these data are clear evidence that manipulation of monoamine transmission may induce Figure 9 . a, TrkB autophosphorylation in trkB.T1 transgenic and wild-type littermate mice after acute fluoxetine treatment and forced swim test (n ϭ 8 -16 for each differently treated genotype). There was no significant difference in the extent of trkB phosphorylation induction between saline-and fluoxetine-treated transgenic mice. *p Ͻ 0.05, **p Ͻ 0.01, compared with saline-treated wild-type animals (Student's t test). Data presented as means Ϯ SEM. b, Representative Western blots corresponding to data shown in a precipitated with WGA and probed first with anti-phosphotyrosine antibody 4G10 and reprobed with anti-trkB out antibody to ascertain that samples contained similar amounts of trkB. Wt, Wild type; Tg, transgenic. BDNF release. It is possible that changes in synaptic serotonin and norepinephrine levels induced by antidepressants increase BDNF release through a comparable mechanism, thereby initiating trkB signaling and a neurotrophic response. However, because we failed to observe any changes in total BDNF protein content in response to antidepressants, it is also possible that antidepressants activate trkB through intracellular signal transduction, as has been reported recently for certain G-proteincoupled receptors (Lee and Chao, 2001 ). The observation that only a subset of tyrosines in trkB is phosphorylated might also favor an intracellular activation mechanism.
We have observed a robust autophosphorylation response to antidepressants in the autophosphorylation site of trkB (tyrosines 706/707), but no response was observed when a phosphospecific antibody to the shc site (tyrosine 515) was used. The lack of specific antibodies to the other phosphorylated tyrosines in trkB prevented us from testing whether the phosphorylation occurs exclusively to tyrosines 706/707 or whether other tyrosines in trkB are also phosphorylated in trkB. These results suggest that trkB signal transduction induced by antidepressants does not involve the shc interaction with trkB. Mice that have tyrosine 515 of trkB gene mutated to phenylalanine are viable and fertile and display defects mainly in systems dependent on NT-4 signaling, suggesting that tyrosine 515 is not absolutely required for BDNFdependent signaling in vivo (Minichiello et al., 1998) . Although tyrosine 515-dependent pathways are robustly activated in vitro and when high concentrations of BDNF are injected into brain in vivo, signaling changes that take place after the release of endogenous BDNF in brain may use, at least partially, other signal transduction pathways.
The response of trkB phosphorylation to antidepressant administration was highest in the region of anterior cingulate and prefrontal cortex after both acute and chronic treatments but was observed in hippocampus only after chronic treatment. Several studies have implicated dysfunction of prefrontal and anterior cingulate cortices in the pathophysiology of depression (for review, see Drevets, 1998) . Depression is associated with reduced cortical thickness and neuronal size (Rajkowska et al., 1999) as well as with decreased blood flow and metabolism in prefrontal and anterior cingulate cortex (Drevets et al., 1997; Drevets, 1998) , and these effects are reversed when depression is treated successfully (Wu et al., 1992; Nobler et al., 1994) . These studies suggest that depression is associated with and perhaps even caused by cortical neuronal atrophy and the accompanying loss of neuronal communication in prefrontal cortex. Because neuronal atrophy has also been observed in cortex of mice lacking trkB in forebrain (Xu et al., 2000) and serotonergic innervation to cortex is gradually lost with age in BDNF ϩ/ Ϫ mice (Lyons et al., 1999) , it is possible that reduced trkB signaling may be one of the factors that leads to decreased neuronal communication and development of depression. However, we did not observe any baseline deficits in the forced swim behavior in trkB.T1 and BDNF ϩ/ Ϫ mice, and similar findings were recently reported for BDNF ϩ/ Ϫ mice (MacQueen et al., 2001) , which indicates that trkB signaling may be more important for the antidepressant drug effect than for the baseline alterations of depression.
Increase in BDNF release and trkB activation in cortex after antidepressant administration is expected to lead to plastic changes in synaptic function and neuronal connectivity. BDNF stimulates outgrowth and regeneration of dendrites and axons (McAllister et al., 1999; Mamounas et al., 2000; Poo, 2001 ), promotes synaptogenesis (Poo, 2001) , and mediates activitydependent selection and maturation of functional synapses (Katz and Shatz, 1996) . It is conceivable that BDNF-induced plastic changes may take time to develop and mature, which might explain in part why the clinical antidepressive effect develops with a delay after the beginning of the treatment. Although antidepressants induce BDNF release and trkB signaling virtually immediately after administration, the neuronal events that are produced by increased neurotrophin signaling may develop slowly and correlate with the gradual appearance of the clinical response. Our results support the hypothesis that neurotrophin-mediated improvement in neuronal communication (Duman et al., 1997; Altar, 1999; Skolnick, 1999; Manji et al., 2001; Reid and Stewart, 2001) , or perhaps regeneration of synaptic connections lost during depression (Drevets, 1998; Rajkowska et al., 1999) , may be the underlying mechanism of antidepressant drug action and suggest that stimulation of BDNF release and trkB signaling in response to antidepressant drug treatment may be the critical event that initiates this effect.
